The non-RTK (receptor tyrosine kinase) ACK1 [activated Cdc42 (cell division cycle 42)-associated kinase 1] binds a number of RTKs and is associated with their endocytosis and turnover. Its mode of activation is not well established, but models have suggested that this is an autoinhibited kinase. Point mutations in its SH3 (Src homology 3)-or EGF (epidermal growth factor)-binding domains have been reported to activate ACK1, but we find neither of the corresponding W424K or F820A mutations do so. Indeed, deletion of the various ACK1 domains Cterminal to the catalytic domain are not associated with increased activity. A previous report identified only one major tyrosine phosphorylated protein of 60 kDa co-purified with ACK1. In a screen for new SH3 partners for ACK1 we found multiple Src family kinases; of these c-Src itself binds best. The SH2 and SH3 domains of Src interact with ACK1 Tyr 518 and residues 623-652 respectively. Src targets the ACK1 activation loop Tyr 284 , a poor autophosphorylation site. We propose that ACK1 fails to undergo significant autophosphorylation on Tyr 284 in vivo because it is basophilic (whereas Src is acidophilic). Subsequent ACK1 activation downstream of receptors such as EGFR (EGF receptor) (and Src) promotes turnover of ACK1 in vivo, which is blocked by Src inhibitors, and is compromised in the Src-deficient SYF cell line. The results of the present study can explain why ACK1 is responsive to so many external stimuli including RTKs and integrin ligation, since Src kinases are commonly recruited by multiple receptor systems.
INTRODUCTION

ACK1
[activated Cdc42 (cell division cycle 42)-associated kinase 1] is a phylogenetically conserved cytoplasmic tyrosine kinase and Cdc42 effector [1] . In worms the protein acts as a negative regulator of Let23 {EGFR [EGF (epidermal growth factor) receptor]} signalling: genetic data suggest that ACK inhibits EGFR signalling in Caenorhabditis elegans, an action dependent on SEM-5 (Grb2) [2] . More recently we have shown that mammalian ACK1 is coupled via Grb2 to a wider variety of RTKs (receptor tyrosine kinases) including Axl, ALK (anaplastic lymphoma RTK) and LTK (leucocyte RTK) [3] . The multidomain structure of ACK1 allows it to interact with many proteins which in turn determines its functional roles in various biological processes ( Figure 1A ). As for many kinases, the HSP90 (heatshock protein of 90 kDa) complex plays a role in sustaining kinase activity [4] . The role of the SH3 (Src homology 3) domain of ACK1 has so far remained elusive with respect to potential downstream targets, although for its substrate N-WASP [neuronal WASP (Wiskott-Aldrich syndrome protein)] the domain probably helps in substrate binding. Results have suggested that the SH3 domain does not increase ACK1 activity [5] . The SAM (sterile α-motif) domain at the very N-terminus of ACK1 contributes to the localization of ACK1 and plays a role in ACK1 ubiquitination [6, 7] . ACK1 contains a number of proline-rich motifs in its Cterminal half conserved with the related non-kinase MIG6. ACK1 binds multiple proteins involved in trafficking, including clathrin HC, AP2 (activator protein 2), amphiphysins 1/2 and SNX9 (sortin nexin 9) [8] [9] [10] [11] . Overexpression of ACK1 impairs endocytosis of EGFR and retains it at early endosomes [12] . Interaction of ACK1 with EGFR is mediated through a conserved EBD (EGFR-binding domain) at the C-terminus [13] . More recently we identified an E3 ubiquitin ligase, Nedd4 (neural-precursorcell-expressed developmentally down-regulated 4), that promotes ACK1 ubiquitination and its turnover, which is needed for EGFRstimulated turnover of ACK1 [8] .
It has become apparent that ACK1 plays a role in promoting cancer metastasis. ACK1 is amplified in primary tumours, and overexpressed ACK1 leads to metastasis in vivo and enhances cellular motility, invasiveness and metastasis in vitro [14] . Activated ACK1 has been reported to promote tumorigenesis by phosphorylating the tumour suppressor Wwox, which leads to concomitant polyubiquitination and degradation of this protein [15] . ACK1 can also promote prostate cancer cell proliferation via androgen receptor phosphorylation [16] .
Activation of ACK1 occurs downstream of multiple extracellular stimuli. ACK1 is phosphorylated upon cell attachment to fibronectin, suggesting that ACK1 is responsive to integrin signalling [6] . PDGF (platelet-derived growth factor), EGF and insulin all increase tyrosine phosphorylation of ACK1 and its recruitment to the receptor complexes [6] . The Cterminal half of the protein contains a region of homology with MIG6/RALT/Gene-33 (ACK1 residues 805-879), which acts as a generic RTK-binding domain [3, 13] . The UBA Abbreviations used: ACK1, activated cell division cycle 42-associated kinase 1; ALK, anaplastic lymphoma RTK; AP2, activator protein 2; Cdc42, cell division cycle 42; CRIB, Cdc42/Rac-interactive binding; EGF, epidermal growth factor; EGFR, EGF receptor; EBD, EGFR-binding domain; FGFR, fibroblast growth factor receptor; GST, glutathione transferase; LTK, leucocyte RTK; Nedd, neural-precursor-cell-expressed developmentally down-regulated; PDGF, platelet-derived growth factor; RTK, receptor tyrosine kinase; SAM, sterile α-motif; SFK, Src family kinase; SH2, Src homology 2; SH3, Src homology 3; SNX9, sortin nexin 9; TNK1, tyrosine kinase, non-receptor 1; UBA, ubiquitin-associated; WASP, Wiskott-Aldrich syndrome protein. 1 To whom correspondence should be addressed (email ed.manser@nrp.a-star.edu.sg). (ubiquitin-associated) domain binds to ubiquitin to regulate ACK1 polyubiquitination and degradation [8, 13] . The notion of a shorter isoform (referred to as ACK2, GenBank ® accession number AAC05310) lacking these C-terminal sequences [17] derives from sequencing of a bovine cDNA clone containing ACK1 fused to the 3 non-coding sequence of CRMP1 (collapsin-response mediator protein 1, GenBank ® accession number NM_001192021.1). This peculiar mRNA is not found in other species.
The way in which ACK1 is regulated has not been established; based on immunodetection of phospho-tyrosine on overexpressed ACK1, it has been assumed that the kinase undergoes autoactivation. In the present study we show that very little ACK1 is phosphorylated at the key Tyr 284 residue in the absence of Src. Furthermore, we demonstrate that ACK1 is not autoinhibited by intramolecular interactions of the SH3 domain [6] or via its EBD [28] . We identify SFKs (Src family kinases) as essential activators of ACK1. Among the family members, c-Src is best at binding ACK1, an interaction mediated through the Src SH2 (Src homology 2) and SH3 domains, and targeting ACK1 phosphoTyr 518 and residues 623-652 respectively. This allows efficient Src phosphorylation of ACK1 at Tyr 284 in the activation loop, which we show is essential for its activity.
EXPERIMENTAL
Materials
Anti-FLAG (rabbit), anti-GST (glutathione transferase) (monoclonal) and anti-actin antibodies were from Sigma. Anti-Myc (rabbit), anti-EGFR (1005) and anti-ACK1 (A11) antibodies were from Santa Cruz Biotechnology. Anti-Src (monoclonal), anti-4G10 and anti-phospho-EGFR (Tyr 845 ) antibodies, and EGF were from Upstate Biotechnology. [γ -
32 P]GTP was from PerkinElmer. The PP2 Src kinase inhibitor was from Calbiochem. The SH3 domain arrays were from Panomics (discontinued by Affymetrix). Figures 3, 4 and 5) were constructed by PCR using oligonucleotides flanked by BamH1 and Not1 restriction sites at the 5 and 3 respectively. The PCR products were then digested with BamH1 and Not1 restriction enzymes and cloned into the pXJ FLAG vector (Amersham Pharmacia). Point mutations of ACK1 (in Figures 4 and 5 • C, the filters were washed (three times for 10 min each time) with binding and wash buffer and exposed to PhosphorImager plates (Molecular Dynamics) for quantification or to X-ray film.
Construction of ACK1-truncated plasmid, point mutations and SFKs
ACK1-truncated constructs (shown in
Cell transfection and treatments
COS7 cells were maintained in DMEM (Dulbecco's modified Eagle's medium) with 10 % FBS (fetal bovine serum). Confluent COS7 cells were serum-starved for 4 h followed by PP2 (1 μM) treatment for 1 h. The cells were then stimulated with EGF (100 μM) for the times indicated. Cell lysates (1 mg) were immunoprecipitated with anti-Src antibody (4 μg) for 2 h and pulled down by Protein G beads. Cells of ∼ 80 % confluency were transfected with FLAG-tagged ACK and Myc (or GST)-tagged SFK DNA constructs (1-2 μg) using Lipofectamine TM reagent (5 μl, Gibco) as described previously [18] . For the immunoprecipitation experiment, 24 or 48 h after transfection, cells were harvested in RIPA lysis buffer [0.1 M Tris/HCl (pH 7.4), 0.15 M NaCl, 1 % Triton X-100, 0.5 % deoxycholate, 0.1 % SDS, 5 % glycerol, 1 mM PMSF and protease inhibitor cocktail]. The lysed cell mixture was sonicated for 10 s followed by centrifugation at 16110 g in the microfuge for 20 min. Clarified cell lysates were incubated with anti-FLAG-conjugated agarose beads (M2, Sigma) for 2 h at 4
• C and then loaded on to a yellow tip column. After extensive washing with buffer (PBS containing 2 mM vanadate, 20 mM 2-glycerolphosphate and 0.1 % Triton X-100), the bound proteins were eluted with 2× PAGE sample buffer by boiling for 10 min.
Immunofluorescence and imaging
COS7 cells grown on coverslips were transfected with plasmids of FLAG-tagged ACK1 and various GST-tagged Src constructs.
Transfected cells were fixed with 4 % paraformaldehyde in PBS for 20 min and washed twice with PBS for 10 min. After permeabilization with 0.2 % Triton X-100 for 10 min and blocking with 10 % goat serum, cells were incubated with primary antibody (1:200 dilution) in 0.5 % Triton X-100/ PBS for 2 h at 37
• C. The cells were then washed twice and incubated with secondary antibody (Alexa Fluor ® 488-conjugated or Alexa Fluor ® 546-conjugated; 1:200 dilution) for 1 h at room temperature (24 • C). Cells were mounted and viewed using Zeiss Axioplan2 microscope linked to a coolsnap HQ camera (Roper Scientific) using a ×60 oil-immersion lens. Images were collected using MetaVue and processed using Adobe Photoshop.
Western blotting
Eluted protein samples were subjected to SDS/PAGE and transferred on to PVDF membrane. The membrane was blocked with 5 % skimmed milk in PBS for 1 h at room temperature, and incubated with primary antibody for 2 h at room temperature or overnight at 4
• C. After washing, the membrane was incubated with HRP (horseradish peroxidase)-conjugated secondary antibody (1:4000 dilution) for 1 h at room temperature. Signals were visualized with ECL (enhanced chemiluminescence) detection reagents (Amersham Biosciences or Millipore) Cas and N-WASP are shown for comparison. The motif includes conserved aspartic acid and valine residues at the +1 and +3 positions respectively. Upstream lysine residues (shaded in black) that might promote basophilic tyrosine kinase binding are indicated. The lower panel shows a schematic diagram of ACK1-deletion mutants with a point mutation at Tyr 518 used in (A) and (D). (C) SH3 and SH2 domains of Src are required for efficient binding to ACK1. GST-tagged Src constructs (SH2, SH3 and SH3/2) were co-expressed with full-length FLAG-ACK1. Src proteins that co-immunoprecipitated with ACK1 were detected with the GST antibody. The molecular mass in kDa is indicated on the left-hand side. (D) The ACK1 Tyr 518 is involved in binding to the Src SH2 domain. FLAG-ACK1-(1-579) or FLAG-ACK1-(1-647) with or without the Y518F mutation were tested for their ability to co-immunoprecipitate Src. FL, full length; IB, immunblot; IP, immunoprecipitation; pY, phospho-tyrosine; TCL, total cell lysate.
RESULTS
Conserved proline-containing motifs interact with Src-like kinases
ACK1 is a non-RTK of 1038 amino acids with mobility of ∼ 145 kDa and containing multiple modular domains ( Figure 1A ) including well-conserved proline-rich regions. The N-terminal SAM (ACK1 residues 1-70) is probably involved in dimerization and activation of the flanking catalytic domain [19, 20] . Although ACK1 was first described on the basis of its Cdc42-binding activity [1] whose CRIB (Cdc42/Rac-interactive binding) domain resembles PAK1 (p21-activated kinase 1) and WASP [21] , its function in ACK1 remains elusive. The C-terminal half contains proline-rich motifs ( Figure 1B ; designated P1, P2 and P3). These lie next to the EGF-binding domain whose structure is inferred from the closely related domain in MIG6 [13] . We have shown previously that binding of the SH3 domains of Grb2 to P2 and P3 is important for the recruitment of RTKs such as ALK, Axl and LTK [3] .
To screen for new SH3-containing proteins that may interact with these proline-rich motifs, we employed SH3 domain arrays immobilized on PVDF membrane (Panomics), using three different γ -32 P-labelled ACK1 proline-rich sequences (P1, P2 or P3) fused to GST ( Figures 1A and 1B) . The P1 region (ACK1 residues 623-652) contains a sequence (PPxY) that can interact with E3 ubiquitin ligase [8] . The P3 motif (ACK1 residues 771-800) lies adjacent to the EBD [13] as shown in Figure 1(B) . This non-biased screen indicated that a surprisingly restricted number of SH3-containing proteins can bind to these sequences, represented primarily by SFKs including Src, Hck, Lyn and Yes1 ( Figure 1C) . Src was first identified to associate with the proline-rich sequence of ACK1 through its SH3 domain [22] and Hck was reported to bind ACK1 more efficiently [5] . The Src SH3 domain showed strong binding to P1 and weaker interaction with P2 and P3, whereas the Yes1 and Hck SH3 domains appeared more selective for P1. Adaptor proteins Nck and Grb2 were positive in the screen as expected [9] . Grb2 binds to P2 and P3 and mediates binding to certain RTKs [3] . The significance of P1 binding to NPH1 (nephronophthisis-associated protein 1) [23] will be described elsewhere. 
Cellular Src associates with ACK1
It is of note that ACK1 immunoprecipitates contain only one tyrosine-phosphorylated protein other than ACK1, with a molecular mass of ∼ 60 kDa [6] , the same size as c-Src. We first compared the binding ability of various SFKs to bind fulllength ACK1. As shown in Figure 2 (A), all four SFKs associated with ACK1 when overexpressed in COS7 cells (top panel). Src consistently bound best, whereas the reported ACK1 partner Hck [5] bound weakly under these conditions (lanes 2 and 4, top panel). That being said, this represents only the Triton X-100-soluble fraction. To check whether binding depended on ACK1 activity, an activation loop mutant ACK1(Y284F) [5] was used. Interestingly, this critical activation-loop region is poorly conserved between ACK1, with the only other family member being TNK1 (tyrosine kinase, non-receptor 1) ( Figure 2B ). N-terminal to Tyr 284 we note two acidic residues (blue) that are typically found in Src targets. The inactive ACK1(Y284F) could also bind Src, surprisingly a little better than the wild-type ACK (Figure 2A, top panel) . To further investigate the ACK1 interaction with Src in more detail, we co-expressed ACK1 with Src in COS7 cells. As expected, ACK1 co-localized with Src in characteristic clathrin-containing clusters ( Figure 2C ) [10, 11] .
Characterizing ACK1 binding to SFKs
To confirm the involvement of the proline-rich sequence (P1) of ACK1 for binding of SFK, we tested three C-terminal deletion constructs of ACK1 (around the P1 sequence) as shown in Figure 3 (A) (a schematic diagram of the construct is shown in Figure 3B ). ACK1-(1-647) bound Src less efficiently (70 %; Figure 3A ) than full-length ACK1, but the smallest construct ACK1-(1-479) bound much more weakly (∼ 10 %). Residues 648-1038 do contribute to Src binding either directly, or by promoting ACK1 Tyr 518 autophosphorylation and Src SH2 binding, although less than 2-fold under these conditions. In contrast, residues 480-647 of ACK1 are much more important for efficient Src binding and importantly critical for phosphoTyr 284 phosphorylation ( Figure 4B ). Although region P2 and P3 can interact with Src, they may not be used for Src binding in the context of RTK signalling, as we have shown that P2 and P3 are needed to bind to the Grb2 SH3 domains [24] . This interaction with Grb2 appears to be needed to stabilize receptor interactions with the EBD [24] . This is consistent with the SH3 array interaction data ( Figure 1C ). Src needs both SH3 and SH2 interactions in order to bind ACK1 efficiently ( Figure 3C ). Residues 479-579 of ACK1 contain two tyrosine residues (Tyr 518 and Tyr 635 ) of which Tyr 518 of ACK1 seems likely to be the Src SH2-binding motif [24] , comparing the +1 and +3 position ( Figure 3B ) relative to Tyr 518 and other SFK-SH2 binders such as p130
Cas and N-WASP [25, 26] . Using a construct containing P1 [ACK1-(1-647)] we noted that the Y518F mutation significantly reduced ACK1 binding ( Figure 3D, lane 4) . In the absence of P1 and a functional Tyr 518 , the ACK1-(1-579)(Y518F) fails to bind Src ( Figure 3C, lane 2) . These experiments clearly define well- conserved sequences required to recruit Src, but do not exclude contributions from other sites.
Src phosphorylates the ACK1 activation loop
It has generally been assumed that when ACK1 is overexpressed in mammalian cells the kinase is active since it is phospho-tyrosine positive. However, the extent of activation-loop phosphorylation has not been carefully assessed. When we expressed wildtype ACK1 with or without Src, we discovered that in the absence of Src very little ACK1 Tyr 284 is modified ( Figure 4B , lane 1). With Src co-transfection it becomes apparent that the activation-loop modification is quite minor and probably limited by endogenous Src kinases. Such modification occurs equally with the phospho-transferase-deficient ACK1(K158R). To confirm that this required Src binding to ACK1, we made several ACK1 Cterminal deletion mutants as shown in Figure 4 Figure 4B, last lane) . Thus, within the limits of Western blot analysis, we conclude that ACK1 is not only a target of Src, but that their physical association is necessary for efficient activation-loop modification.
We have shown that Src appeared to bind better to ACK1 than other SFKs (Figure 2 ), which is somewhat at odds with one report that the Hck SH3 domain binds ACK1 more strongly than other SFKs [5] . The ability of the SFKs to phosphorylate Tyr 284 in the activation loop of ACK1 was therefore used as a test of their physical interaction using ACK1(K158R). As shown in Figure 4 (C), Src efficiently phosphorylated ACK1 at Tyr 284 , whereas the other three SFKs were poorer, although more Src is always recovered in the Triton X-100-soluble fraction. Finally, to confirm that the Src effect was direct, inactive Src(K295R) and Src(Y416F) which have low activity [27] , but retain their ability to interact with ACK1 (results not shown), fail to phosphorylate ACK1 Tyr 284 ( Figure 4D , lanes 5 and 6, top panel).
There is no evidence for ACK1 autoinhibition
Previous studies have suggested that ACK1 may be autoinhibited: both the SH3 domain and EBD have been suggested as key autoinhibitory domains [6, 28] . In the former paper [6] , the SH3 domain was proposed to engage the C-terminal proline-rich regions, whereas the latter paper [28] suggested that the EBD directly autoinhibits the kinase domain in the same manner as it does EGFR. We made such mutations and compared their activity using an anti-phospho-Tyr 284 antibody ( Figures 5A and  5B ). Neither the ACK1 SH3 mutant (W424K) nor the EDB mutant ACK1(F820A) exhibited elevated A-loop phosphorylation ( Figure 5B ). In fact ACK1(W424K) consistently exhibited lower phospho-Tyr 284 levels, contrary to the previous study [6] . The same trend was observed at different levels of ACK1 expression, making it unlikely that the effect is dependent on transfection efficiency ( Figure 5B) . Furthermore, the sequential deletion of the entire EBD domain (compare with Figure 5A ), comparing ACK1-(1-954) with ACK1-(1-781), had no positive impact on ACK1 phospho-Tyr 284 status, and again in the presence of increased Src levels there was a massive increase in phospho-Tyr 284 levels ( Figure 5C ). Thus there is no evidence from these point mutants or deletions constructs for an autoinhibitory mechanism underlying ACK1 activation.
Like most protein kinases, ACK1 activation-loop phosphorylation regulates activity [5, 6] , although the structure of the catalytic domain alone with or without Tyr 284 phosphorylation is similar [29] . Since ACK1 is reported to bind and phosphorylate WASP at Tyr 256 [30] , we made use of a truncated version of N-WASP with the CRIB region removed to allow access to Tyr 256 [31] . This N-WASP-C (amino acids 222-506) was co-transfected with ACK1 constructs and the lysates were probed for N-WASP phospho-Tyr 256 ( Figure 5D ). There was excellent correlation between the ACK1 phospho-Tyr 284 signal and that of N-WASP phospho-Tyr 256 . The result confirmed that the ACK1 SH3 domain is not involved in kinase autoinhibition ( Figure 5D, lane 4) . As reported previously, mutation of the Cdc42-binding domain, ACK1(H464D), had no effect on kinase activity ( Figure 5D ).
Src activity is required for ACK1 turnover stimulated by EGF
We have demonstrated previously that ACK1 protein turnover is initiated by EGFR signalling, and this requires ACK1 activation [7, 8] , thus providing a readout of activity in vivo. The ACK1 phospho-Tyr 284 antibody is not sensitive enough for this analysis. First we examined whether the Src inhibitor PP2 can prevent endogenous ACK1 turnover after EGF stimulation. Serumstarved COS7 fibroblasts were pre-treated with PP2 (25 μM) for 1 h before EGF treatment ( Figures 6A and 6B) . ACK1 is largely degraded by 1 h after EGF treatment (∼ 15 % of starting levels). In the presence of PP2, however, ACK1 turnover was attenuated (to ∼ 60 % of starting levels at 2 h). Next we used the so-called SYF − / − fibroblasts lacking Src, Yes1 or Fyn kinases [32] : the endogenous ACK1 in SYF cells was much more slowly turned over in response to EGF stimulation compared with the Src+ cells, which were derived from littermate embryos that has one Src allele intact ( Figures 6C and 6D ). As can be seen from the graphical quantification, only ∼ 30 % of ACK1 was lost in the SYF cells following EGF treatment compared with ∼ 90 % of ACK1 in the Src+ cells over 3 h. The ACK1 levels were elevated in the starved SYF/ Src+ cells, but were reduced to levels lower than the SYF cells with prolonged EGF treatment ( Figure 6C ). However, given that EGFR levels are lower in Src+ cells, it is difficult to make specific comment on the interplay between SFKs, EGFR and ACK1 turnover without more extensive studies.
Given that many tyrosine kinases are acidophilic, we wanted to investigate whether ACK1 activation could occur directly upon RTK activation, as many are able to bind ACK1 [3] . We have already shown in the present study that endogenous Src levels are limiting in the context of overexpressed ACK1, and probably insufficient to efficiently mediate effects of RTK overexpression. When overexpressed, many RTKs undergo autophosphorylation and activation ( Figure 7A, anti-pY panel) . Compared with Src only, FGFR (fibroblast growth factor receptor) promoted slight Tyr 284 phosphorylation, but essentially none of the other RTKs were competent in this respect ( Figure 7A, lane 2) . EGFR, which is inhibited by ACK1 [2] , had no effect on ACK1 Tyr 284 phosphorylation, even at 5-fold higher plasmid levels than Src ( Figure 7B ). The effects of Src could be observed as a decrease in total ACK1 levels (due to turnover) and an upward shift in the ACK1 band. These data, along with previous studies [33, 34] , indicate that Src activation by RTKs (or perhaps G-protein-coupled receptors and integrins) promote ACK1 activation, recruitment to clathrin-coated vesicles [10] and turnover through Nedd4 family E3 ligases [7, 8] (Figure 7C ). The proline-rich regions of ACK1 and sequences surrounding phospho-Tyr 518 allow binding of Src as shown. The activation of SFKs downstream of EGFR and other RTKs is well established [35] [36] [37] .
DISCUSSION
ACK1 was the first identified as a kinase operating downstream of Cdc42 [1] . In general it has been observed to exhibit low specific activity towards 'classic' substrates [5] , although more recently the WASP-derived peptide (amino acids 250-262) has been used [30] . ACK1 has lower specific activity nonetheless even towards its preferred peptide substrates (at 0.24 min − 1 compared with 60 min − 1 for a typical Src kinase) [5, 38] . We suggest that ACK1 is basophilic, unlike most tyrosine kinases that typically utilize poly-Glu-Tyr [39] . By phosphorylating ACK1 at Tyr 284 in the activation loop, Src controls ACK1 activity, as measured by its ability to phosphorylate a test substrate N-WASP ( Figure 4C ).
ACK1 is reported to be activated via M3 muscarinic receptors [40] , bradykinin [17] , EGF [6, 17] , PDGF [6] and indeed integrinmediated cell adhesion [6, 22] . These observations make sense in light of our observation that kinase activation is occurring downstream of SFKs which participate in all of these events (as reviewed in [41] ). In the case of EGF-mediated activation, this drives ACK1 activation turnover (Figure 7 ), which we have previously shown to be Nedd4-mediated and require ACK1 activity [8] . Our data suggest that Src shows best binding avidity towards ACK1 (Figure 2) , but it seems possible that multiple SFKs play roles in ACK1 activation [5] . The participation of both SH2 and SH3 domains for ACK1 binding (Figure 3) is not unusual. Many well-known Src substrates including p130
Cas , p62 and FAK (focal adhesion kinase) contain binding sites for both the Src SH2 and SH3 domains [42] [43] [44] . The complex between Src and p130
Cas via the SH2 and SH3 domains triggers Rac and Cdc42 activation and an increased level of cell migration [45, 46] . ACK1 has also been proposed to play a role in this p130
Cas complex leading to increased cell migration [47] . Our results ( Figures 3A  and 4C ) pinpoint the P1 motif and phosphorylation of Tyr 518 as being sufficient for binding of Src to ACK1.
It is clear that ACK1 plays roles in receptor membrane trafficking via its interaction with clathrin [10, 11] , AP2 [8, 10] , amphiphysins [8] and SNX9 [9] . The SFKs [5, 22] have been identified previously as partners, although the regions of interaction were not well defined. The P1 motif contains a classic WW binding sequence PPAY that allows interaction with multiple E3 ubiquitin ligases related to Nedd4 [7, 8] . Grb2 interacts primarily with motifs P2 and P3 (Figure 1) as first reported by our laboratory [9] , and allows for coupling to multiple RTKs [3] .
The role of MIG6 compared with ACK1 is currently unclear, both interact via the conserved EBD [13] . Although the interaction [35] , which is able to bind ACK1 and phosphorylate the activation loop Tyr 284 and probably other sites. Activated ACK1 is subsequently a target of the E3-ubiquitin ligase Nedd4 leading to kinase ubiquitination and degradation. HA, haemagglutinin; p-, phospho; pY, phospho-tyrosine.
between ACK1 and EGFR is much weaker than with other RTKs such as AXL, LTK and ALK [3] , activation of EGFR strongly leads to ACK1 turnover [8] . In most previous studies ACK1 activity has been correlated with its tyrosine phosphorylation status [6] . We would suggest that measuring phosphorylation of ACK1 A-loop Tyr 284 is a better surrogate. Another indicator of ACK1 activation (at least by EGF stimulation) is its increased turnover [8] . We show in the present study that the Src inhibitor PP2 can effectively block this ACK1 turnover in the first instance. Substrate binding has been suggested as one mechanism to release Src from its autoinhibitory state [48, 49] ; however, in our experiments, SFKs are constitutively active probably due to lower levels of CSK (C-Src tyrosine kinase). Under overexpression conditions, mutating the Src SH2-binding site(s) from ACK1 does not completely abolish Tyr 284 phosphorylation (results not shown). It is notable, however, that ACK1-(1-479) lacking both Src-binding elements is essentially unmodified by Src ( Figure 4B ).
In conclusion, the results of the present study provide clear evidence that ACK1 is a kinase that is not regulated by autoinhibition but rather requires activation loop Tyr 284 modification by Src. The poor auto-activation by ACK1 can be rationalized by the fact that the amino acids N-terminal to Tyr 284 are acidic ( Figure 2B ), but ACK1 performs poorly towards such substrates [5] . How ACK1 activity is linked to turnover via the E3 ubiquitin ligase Nedd4 is an interesting issue: it probably involves the uncovering of lysine sites on ACK1 that allow subsequent ubiquitination, or perhaps phosphorylation of Nedd4 itself (Figure 7) . The turnover of ACK1 under the control of the Src-Nedd4 axis probably explains the low level ACK1 in cell lines [8] . That fact that the ACK1 gene locus is amplified in a number of primary tumours, and that ACK proteins are overexpressed in some cancer cell lines suggests that ACK1 is selected for [14] ; it would therefore be interesting to investigate the SFK status in this context.
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